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1. INTRODUCTION

Over the last decade, the use of horizontal wells has become a well-established
practice for the recovery of oil and gas. It has become increasingly attractive for the
production of thin-layered reservoirs, naturally fractured reservoirs, reservoirs with gas or
water coning problems, offshore environments where various wells are drilled from a
central platform, and also in enhanced oil recovery practices such as steam injection.

Horizontal wells can also have many potential applications in the environmental industry.

Horizontal wells can improve the inflow performance of certain reservoirs, and
can produce more oil with smaller pressure drawdowns compared to conventional
vertical wells. However, the flow behavior in horizontal wells is highly complicated and
is still the subject of extensive research in petroleum industry. Accurate modeling of
pressure drop behavior in horizontal wells poses additional challenges to both reservoir

engineers and production engineers.

The most commonly used assumptions in studying horizontal well production
behavior are infinite conductivity and uniform influx (Fig. 1-1). Infinite conductivity
assumes no pressure drop along a horizontal well, and uniform influx assumes that the
influx from the reservoir is constant along a horizontal well. It has been argued in the
literature that the infinite conductivity wellbore assumption is adequate for describing
flow behavior in horizontal wells. Although this may be a good assumption in situations

where the pressure drop along the horizontal section of the wellbore is negligible
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compared to that in the reservoir, it is also reasonable to expect the frictional and
accelerational pressure losses to cause noticeable pressure drops in long horizontal
wellbores. The flow behavior in a horizontal wellbore differs from flow in a regular pipe.
Roughness of a horizontal well can be much higher than that of a regular pipe due to
perforations and slots. Influxes along the wellbore, which cause momentum changes, can
also change the pressure distribution. Therefore, the regular pipe friction factor
correlations can not be used without modification to predict pressure drop in a horizontal

well.

In a horizontal well, depending upon the completion method, fluid may enter the
wellbore at various locations along the well length. The distance between perforations
may not be sufficient to achieve a stabilized velocity profile, and this may lead to
different pressure behaviors other than fully developed flow. Due to flow development,
for example, the laminar flow regime can have as high as three to four times more
pressure drop than for fully developed laminar flow situations. In the turbulent flow
regime, the problem becomes more complicated, and therefore it is more difficult to
predict the pressure distribution. The pressure distribution in a horizontal well can
influence the well completion and well profile design, as well as having an impact on the
production behavior of the well. Therefore, both the pressure drop vs. flow behavior
along the well and the relationship between the pressure drop along the well and the

influx from the reservoir need to be studied.

The objective of this experimental study is to investigate the flow behavior in

perforated horizontal wells and horizontal wells completed with multiple slot liners. A



small scale TUFFP (Tulsa University Fluid Flow Projects) horizontal well test facility
was modified to investigate the effect of completion geometries, such as the geometry of
injection openings and the density and distribution of the injection openings, on the flow

behavior in horizontal wells.

This study can be considered as a natural extension of those studies previously
undertaken by Hong Yuan of TUFFP from 1994 to 1997. Yuan first experimentally
investigated the flow behavior in a horizontal pipe with fluid injection from the pipe wall
through a single injection point and obtained a lot of qualitative knowledge concerning
the interactions between the main flow and the influx. Later Yuan conducted experiments
investigating the flow behavior in multiple perforated horizontal wells and horizontal
wells completed with multiple slot liners. By using the principles of mass and momentum
conservation, general horizontal well friction factor expressions were developed for both
the perforated horizontal wells and horizontal wells completed with slot liners (a total

number of 7 test sections were included in her study).

In this study, six new test sections are designed and manufactured to investigate
the flow behaviors in horizontal wells with multiple perforation completion. The
perforation densities investigated are 5, 10 and 20 shots per foot and the perforation
phasings investigated are 360°, 180° and 90°. Four new test sections are designed and
manufactured for horizontal wells completed with mulitiple slotted liners. The numbers
of slots for those multiple slot cases are 18, 12 and 36 on a 4-ft. long test section. The slot
phasings considered in this work are 360°, 180° and 90°. Experimental data were acquired
for flow rates, temperatures, and pressure drops under various Reynolds numbers and

influx to main flow rate ratios. Based on the data acquired in this study and those data



obtained by Yuan, general apparent friction factor correlations were developed from the
conservation of mass and momentum principles. The friction factor correlations can be
used for various completion scenarios to get good estimations of the pressure drop

behaviors in completed horizontal wells.
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ABSTRACT

Jiang, Weipeng (Master of Science in Petroleum Engineering)
Investigation of the Effects of Completion Geometries upon Single Phase Liquid Flow
Behavior in Horizontal Wells (75 pp. — Chapter VIII)

Co-directed by Dr. Cem Sarica and Dr. Mohan Kelkar

(130 words)
The petroleum fluid in horizontal wells can have very complicated flow
behaviors, in part due to interaction between the main flow and the influxes along the

well bore, and also due to completion geometries.

An existing small-scale test facility at TUFFP (Tulsa University Fluid Flow
Projects) was used to simulate the flow in a horizontal well completed either circular
perforations or slotted liners. Experiments were conducted with Reynolds numbers
ranging approximately from 5,000 to 65,000 and influx to main flow rate ratios ranging
from 1/50 to 1/1000. For both the perforation cases and slots cases, three different

completion densities and three different completion phasings are considered.

Based on the experimental data, a new wellbore flow model for horizontal well

was developed using the principles of conservation of mass and momentum.
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2. LITERATURE REVIEW

Horizontal wells are among the newest technologies in the recovery of gas and
oil. In the long history of exploration and production of petroleum fluids, horizontal wells
have been quite “neglected” until the latter half of this century. The petroleum industry
started to investigate horizontal wellbore hydraulics in the late 1980's. Only in this
decade have horizontal wells and related technology been received extensive attention.
However the flow behavior in the velocity profile developing region, the flow behavior of
porous pipes with fluid injection from the wall and the flow behavior in a distributing
manifold, which are similar to the horizontal wellbore flow configuration, have been

investigated in other disciplines. Following is a brief summary of pertinent studies.

The apparent friction factor for steady, incompressible flow in the laminar entry
region of a smooth tube was first studied both experimentally and theoretically by
Shapiro ef al. (1954). In their study, the apparent friction factor is expressed as the skin
friction coefficient plus a term representing the longitudinal rate of increase in
momentum influx. The latter effect is associated with the developing velocity profile. It
was concluded that nearly two thirds of all the pressure loss is caused by momentum

changes.

Two years later, Yuan er al. theoretically investigated the effect of uniform
injection at the wall on two-dimensional steady-state laminar flow in a porous-wall pipe.

They solved the Navier-Stokes equations in cylindrical coordinates with appropriate



boundary conditions for small and large Reynolds numbers. The results showed that the

effect of injection at the porous wall was to increase the friction coefficient at the wall.

Hornbeck et al. (1963) analytically studied the inlet region for laminar flow in
porous pipes with small injection and suction. The velocity profile development was
studied for both uniform and parabolic axial velocity profiles at the pipe inlet. They
concluded that the centerline velocity for both inlet profiles with fluid injection

approached the fully developed value at the same location.

Kinney (1968) examined the frictional characteristics of fully developed laminar
flow in porous tubes with uniform mass transfer (Figure 2-1). He presented an equation
to calculate friction coefficient which contains wall friction effects as well as those due to
changes in axial momentum influx. The proposed equation, which was valid when Ng,,, 1s

no greater than 2, was

N, = 16[1 oMo By )2} @)
where:
Cy = wall friction coefficient (Fanning);
Npe = axial Reynolds number;
Niow = wall Reynolds number,
Ngow = V”v' d (2-2)

where



d = pipe diameter;

Vw — radial velocity at wall;

% = kinematic viscosity.
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Figure 2-1: Radial Velocity at Pipe Wall Due to Influx

Olson and Eckert (1966) experimentally studied turbulent flow in a porous
circular pipe with uniform air injection through the tube wall. Their experiments
indicated that local friction factors were reduced by injection to an extent that they could
be less than the friction factors in an identical pipe with no perforations when the

injection to main flow velocity ratios reached a certain value and above.

Denn (1980) discussed flow and pressure distribution in a distributing manifold.
He mentioned that this problem can not be solved exactly, but by use of the momentum
and energy balances considerable insight can be obtained. First, he applied momentum

equation to flow past a single port as shown in Fig. 2-2 (a). The dashed region is the
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Figure 2-2: Control Volumes for Momentum Equation and Energy Equation



control volume. The pressure difference between sections 1 and 2 is then obtained as

follows:

pr-pr=pVi-Vr) (2-3)

by neglecting the small frictional force on the tube wall from one side of the hole to the
other and assuming that the flow ¥, through the side hole is perpendicular 1o the direction
of flow, in which case the side flow contains no axial momentum. Then he applied
energy equation to this problem with the control volume shown in Fig. 2-2 (b). With the
assumptions of 1) no flow across the line ab; 2) all fluid which flows across line cd enters
the control volume across line ae and 3) no losses, the engineering Bernoulli equation

applied to the control volume abcdea for a horizontal pipe simplifies to
p2-pi=p2(V7-V5) (2-4)

The estimate of pressure change given by energy equation is one-half that

calculated from the momentum equation and it is not evident which is the more accurate.

As mentioned earlier, the Petroleum Industry began the investigation of horizontal
wellbore hydraulics around a decade ago. The pioneer work was presented by Dikken in
1989. Dikken proposed a simple analytical model for turbulent flow under the
assumptions of single phase flow in the wellbore and a steady state fluid flow in the
reservoir. He described the flow in the reservoir with a specific productivity index, which
is independent of position along the well. A differential equation was developed that can

be solved for flow rate distribution along the wellbore. Dikken gave solutions for cases

10



of both infinite and finite well length. The friction factors in this paper were calculated by

regular pipe friction factor correlations.

Seines (1990) experimentally studied the roughness of slotted liners, and a value
of 0.4 - 0.8 mm was reported. Novy (1992) used this value to compute the frictional
pressure drop in horizontal wellbores completed with slotted liners. He gave a criterion
to evaluate the effect of wellbore friction on well length, production rate and well
diameter for smooth and rough pipes. His studies indicated that, when the ratio of
wellbore pressure drop to drawdown exceeds 10-15%, then the wellbore friction can
reduce productivity by 10% or more. This could be the case for oil wells producing more

than 1,500 STB/D and gas wells producing more than 2 MMsct/D.

Asheim et al. (1992) conducted an experimental and theoretical study. They
proposed the following new friction factor for horizontal wellbores, which includes

accelerational pressure losses due to continuous fluid influx along the wellbore.

f=f+ 4d[§ﬂ+ 2i[ﬂT (2-5)
q9, 749,
where:
f = wall friction factor, as for regular unperforated pipe;
d = pipe diameter (m);
n = perforation density (m™);

q: = inflow rate per length unit (m3/s/m); and

11



g - pipe flow rate (m’/s).

In deriving this equation, they assumed that the injected fluid enters the main flow
with no momentum in the axial direction. Their experimental results were for one
perforation and two perforations separated by a 200-mm length, and for Reynolds

numbers between 14,000 and 86,400.

Kloster (1990) experimentally studied flow resistance in perforated pipe, both
with fluid injection and without fluid injection. The Reynolds numbers covered in his
experiments ranged from 60,000 to 450,000. He concluded that the friction factor vs.
Reynolds number relationship for perforated pipes with no injection from the perforations
did not show the characteristics of regular pipe flow. The friction factor was 25~70%
higher than that of regular commercial pipes. He also observed that small injection

reduced the friction factor.

Ozkan et al. (1992, 1993) presented a semi-analytical model that coupled
wellbore and reservoir fluid flow, and incorporated the effect of laminar and turbulent
flow regimes in the wellbore. They showed that wellbore hydraulics influence horizontal

well productivity. Regular pipe friction factor correlations were used in their study.

Brekke (1992) studied the effect of completion methods on horizontal well
productivity and reported that frictional pressure loss due to restricted flow through
perforations reduces the productivity of wells. A field test in the North Sea using this
completion technique also showed reduced frictional pressure losses in horizontal

wellbores.

12



Su and Gudmundsson (1993 and 1994) proposed an empirical friction factor
correlation for perforated pipes without fluid injection from the perforations. They found
that the total pressure drop along the horizontal wellbore consists typically of 80 percent
wall friction, 15 percent mixing effect (including perforation roughness) and 5 percent

pressure drop due to acceleration.

Ouyang ef al. (1996 and 1998) investigated both single phase and two phase flow
behaviors in horizontal wells. They developed a wellbore model which they claimed can
be readily used under different wellbore perforation patterns and well completion
conditions. However, they assumed uniform wall shear stress for different perforation
patterns and well completions which may not be necessarily true. And they didn’t
incorporate the effects of perforation distribution into their friction factor correlation. A
local friction factor correlation was developed to be used for the wellbore flow rate
before the perforation point either zero or none zero. However, according to Olson and
Eckert (1966), the phenomena is quite different for zero velocity at the beginning of
porous pipe case. OQuyang ef al. also mentioned that for turbulent flow, inflow reduces the
wall friction, while other investigators (Kato ef ¢f. 1993, Yuan 1997, Yuan et al. 1996)
found that inflow could reduce or increase wall friction depending on influx rates and

injection opening distributions.

Yuan (1994, 1996, 1997) conducted around 1000 experimental tests investigating
the flow behavior in horizontal wells with single opening, perforated horizontal wells and
horizontal wells completed with multiple slot liners. By using the principles of mass and
momentum conservation, general horizontal well friction factor expressions were

developed for both the perforated horizontal wells and horizontal wells completed with

13



slot liners. Horizontal well friction factor correlations were developed by applying
experimental data to the general friction factor expressions. It was observed that the
friction factor for a perforated pipe with fluid injection could be either smatller or greater
than that for a smooth pipe, depending on pertforation densities and influx to main flow
rate ratios. The proposed friction factor correlation can be used in any horizontal well

model which considers pressure variation along the wellbore.

The results of Yuan’s studies suggest that the shape and the distribution of the
openings on the wellbore surface can significantly influence the flow behavior in a
horizontal well. Each completion geometry displays different flow characteristics. In
Yuan’s studies, a general friction factor correlation was developed to predict the pressure
loss along the horizontal wellbore when the operation conditions are dynamically similar
to those of the experiments. However, because the available data consider either single
opening or limited multiple opening cases, the influence of the shape and the arca of the
openings has not been thoroughly investigated. Yuan’s theoretical approaches were used
in this study and her experimental data were incorporated into the horizontal wellbore

hydraulics modeling.

14



3. EXPERIMENTAL PROGRAM

An existing small-scale test facility at TUFFP (Tulsa University Fluid Flow
Projects) was modified to simulate the flow behavior in horizontal wells completed with
either circular perforations or slotted liners. The test facility is composed of three major
parts: a flow loop, a test section and an instrumentation center. The flow loop consists of
the fluid handling system (water tank, the centrifugal pump and the screw pump), the
metering sections (turbine meters, temperature transducers, pressure transducers) and
flow control sections (control valves). The test section includes the instrumentation for
measuring pressure differences. The instrumentation center houses a patch panel, signal

conversion circuitry and a computer based data acquisition system.

3-1. the Flow Loop

The flow loop is composed of three major parts, the fluid handling system, the
metering sections and the flow control sections. A schematic description of the test

facility is given in Fig, 3-1.

Water is used as the testing fluid and is stored in a 200 gal (0.757 m’) steel tank
which provides water for both the main flow and the side flow. A centrifugal pump and a
screw pump are used to supply and control the main flow and side flow rates,
respectively. Filters are placed downstream of the pumps and upstream of the metering
sections to remove particles in the water and protect the turbine meters. Each metering

section is composed of three turbine meters which can be used to measure different

15



ranges of flow rate, and a temperature transducer for measuring fluid temperature. The
turbine meters are calibrated using a weighing tank, and temperature transducers are
calibrated using a thermal bath and a thermometer. The water flows through the test
section and is then circulated back to the steel storage tank. This results in a constant
liquid level in the tank without using a constant level regulator, permitting long test

times.

) Water »p-¢
Regulating Ball Supply

Valve \ - /Valve -
B B
Filter Tank

Metering Section Centrifugal

A 4 Metering Section IS)flr“e]y; T
Influx
Main Flow Y
> |  Test Section | —

Water
Discharge

Fig. 3-1: the Schematic of the Test Facility

3-2. Test Section

3-2.1 Multiple Slots Test Sections

Four test sections were used. They are 10-ft long, one-inch diameter plastic pipes
with the 4-ft long multiple slots section located in the middle of each pipe. The total
numbers of slots in the test sections are 12, 18 and 36 with phasings of 360°, 180°, and

90° (see Table 3-1 for the combinations of slots densities and phasings). All those cases

16



denoted by X were investigated by Jasmine Yuan and all those cases denoted by +/ were
investigated in this study). The slots have dimensions of 2. in. in length and 1/16 in. in
width, The test section is covered with about 50 layers of cloth to ensure uniform influx
since the pressure loss through the cloth will be much greater than the pressure loss inside

the 1-in. diameter pipe or in the annulus through which liquid feeds the influx openings.

Table 3-1: Matrix for the Multiple Slots Cases (Slot liner Dimensions: Length: 2 in,,
Width: 1/16 in.)

Slot Liners Slot liners Phasing
Density 360 180 90
Single Opening

18 slots/4 ft X X v
12 slots/4 ft v v
36 slots/4 ft Vv X

There are four pressure ports along each test section (Fig. 3-2). The distance
between the test section starting point and pressure port No. 1 is greater than 2 ft, which
allows the flow to fully develop. The pressure differences along the test section length
were measured by 4 U-tube manometers. Carbon tetrachloride was chosen as the
manometer fluid due to its low density. The pressure difference between the inner pipe

and the annulus is measured by a pressure transducer.

3-2.2 Multiple slot Test Sections

Six perforated test sections were used. The perforation densities investigated in
this study are 5, 10 and 20 shots per foot and the perforation diameters are all the same,
equal to 1/8 in. (geometrically similar to a 6-in. diameter casing with a perforation
diameter of 3/4 in.) The perforations are uniformly distributed along the pipes with the

phasings of 360°, 180°, and 90° (see Table 3-2 for the combinations of perforation

17



densities and phasings). Locations of pressure ports and pressure measurement devices

are same for as those used in the multiple slots cases.

Table 3-2: Matrix for the Multiple Perforation Cases (Perforation Diameter: d=1/8 inch)

Perforation Perforation Phasing

Density 360 180 90

Single Opening X

5 shot/ft X J v

10 shot/ft v X Y

20 shov/ft v Vv X

1 2 MANOMETERS 3 4
D=6" Pipe
D=1" Pipe

INJECTION POINT

MAIN FLOW
[ 7 —

3f

11.6in - 21 .
- . -
4 ft 8in

1011
Figure 3-2: Schematic of the Test Section and U-tube Manometer Connections

3-3. Instrumentation and Data Acquisition

A flow chart of the instrumentation and data acquisition system used is shown in

Fig. 3-3. Table 3-3 gives a summary of the instrumentation used in the test facility.

18
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Figure 3-3: Instrumentation and Data Acquisition Flow Chart

19



Table 3-3: List of Instrumentation

[nstrument

Turbine Meters

FM1
FM?2
M3
FM4
FM5
FM6

Pressure Measurements

U-tube Manometers
Pressure Transducer

Temperature Transducers

TT1
TT2

Pumps
Pump-Side
(Screw Pump)

Pump-Main
(Centrifugal Pump)

Filter
Filter-Side

Filter-Main

Range

0125-30 GPM
0.5-50 GPM
2.0-60.0 GPM
0.125-3.0 GPM
0.5-50 GPM
1.5-15.0 GPM

Ahax = 600mm H,0 Column
0-40 psi

40-160°F
40-160°F

5.2 Gal /100 RPM

Qumax = 99 GPM
H o =93 FT

Qmax =45 GPM
2 Micron
Qmax = 56 GPM
2 Micron

Output

0-10V
0-10V
0-10V
0-10V
0-10V
0-10V

Visual
0-10V

0-10V
0-10V

20



In the instrumentation center, output signals from turbine meters, temperature
transducers and the pressure transducers are transmitted to a patch panel. The patch
panel contains a Macintosh 11 Ci computer, the signal converters and power supplies.
The output signalsare converted to 0-10 volt analog signals in the patch panel and routed
to an input board which uses a National Instruments AMUX-64 multiplexer. A data
acquisition board installed in the Macintosh computer provides 16 single-ended A/D
channels, digital and analog outputs, and handles all the analog signal interfaces. A four-
to-one multiplexer board was installed in the control cabinet to interface more instrument

signals.

Experiments were conducted for steady state flow with Reynolds numbers
ranging from approximately 4,000 to 65,000 and influx to main flow rate ratios ranging
from 1/50 to 1/1000 for both the multiple perforation cases and the multiple slots cases.
The influx to main flow rate ratios at different Reynolds numbers were determined based
on uniform influx and infinite conductivity cases. Main flow rates, influx flow rates and
pressure variations along the test section were measured. All measurements, with the
exception of manometer readings, were collected using a LabVIEW data acquisition
system with a Macintosh computer. The uniqueness of LabVIEW is that it uses front
panel and block diagrams for building hierarchical virtual instruments. A virtual

instrument is a software program package designed to look and act like a real instrument.

3-4. Experimental Procedure

The experimental procedure consists of the following steps:
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10.

Calibrate the turbine meters, temperature transmitters and pressure transducer. A
unique linear relationship between the measured parameter and the output voltage can

be obtained for each instrument.

Check the water level of the water tank.

Fully open the bypass valve. The bypass valve is used to protect the flow meters.

Start the centrifugal pump and close the bypass valve slowly until the pressure gauge

indicates a reading of 35 psia.

Open the main flow valve gradually until the desired flow rate is reached.

Open the valves between U-tubes and test section, check the water/carbon
tetrachloride interface in the U-tube manometers and making sure that there are no

gas bubbles in the pipe.

Fully open screw pump bypass valve, start the screw pump and open the side flow

valve untill the desired flow rate is reached.

After reaching steady state for each selected influx to main flow rate ratio, start the

LabVIEW data acquisition system and take manometer readings.

After data acquisition, stop the screw pump and close the side flow valve.

Close the main flow valve. Stop the centrifugal pump and finally close the bypass

valve slowly.
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4. MODEL DEVELOPMENT

A general model developed by Jasmine Yuan, a former Ph.D student at University
of Tulsa, has been adopted to predict friction factor for horizontal wells completed with
multiple perforations or multiple slotted liners. Here, the development of the general

model will be presented after Yuan.

Consider an incompressible fluid flowing isothermally along a uniformly

perforated pipe of cross-section A. The area of each perforation is A, Fluid injected

through the perforations into the main flow stream uniformly as illustrated by Figure 4-1.

Ax

Main Flow

Figure 4-1: Schematic of Horizontal Well Control Volume for Uniformly
Distributed Injection Points
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When the injected fluid enters the main flow stream through the perforations, the
streamlines change directions. Each local mean velocity is tangent to the streamlines and
can be divided into two components, ¥, and FV,. Fluid is transported into the main flow
with a radial velocity component V,, while retaining some axial momentum from velocity
component ¥,. The dotted lines define a control volume in which fluid is transported

across surfaces 4, 4,, and 4p. Assume there are n perforations along Ax.

The momentum balance for the control volume in axial direction is:

pA-p,A-1, - w-d-Ax= ﬁzpﬁzzA-ﬁlpﬁle _pVerﬂpApn 4-1)

p;and #, are the pressure and average velocity at the inlet of the control volume
respectively and p; and #; are the pressure and average velocity at the exit respectively.
For the three terms on the left-hand side of Eq. (4-1), we can assume that average
properties completely define the flow field. The first two terms on the right hand side of
the equation use the average velocities by introducing momentum correction factors,

Brand >, which are defined by the following equation:;

1 2
8= 7 Lu dA (4-2)

In the last term of Eq. (4-1), we assume ¥V, =V, from continuity considerations.
[, is the momentum correction factor for the influx stream and V, will be discussed later.

We can further consider

A;=4,=4 and  p=pr=pp=p
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For multiple injection openings, it is convenient to use average properties. The

average velocity over Ax is # and is defined as follows

d=(i;+ i12)/2 (4-3)

Mass balance for the control volume is given by

i A+tn VpAp:L-tgA (4—4)

The influx rate through each perforation is

gin=VpAp (4-5)

The total volumetric influx rate is

On=nV,d, (4-6)

Velocity #; and #; in Eq. (4-1) may be eliminated by employing the following

relationships,

4

;=i - —;—Vﬁ L (4-7)
4

7, =E+§VP7” (4-8)

Substituting Eq.s (4-7) and (4-8) into Eq. (4-1), dividing through by AAx and

simplifying, yields
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popy 4

Ax " d

—2 ﬁz—ﬂ — A 1 X 2 nl f’z 1
pu : Ax l+n Vp—j-;‘(ﬁZ-*-ﬂ]— ﬂp)+ Vp quz_'(ﬁ2 ﬁ]) E

(4-9)

An apparent friction factor, defined as the ratio of the net imposed external forces

to the inertial forces, can be given by:

f', =_(p2 _pl )/pil—

4-10
Ax 2d ( )

which is an average friction factor over a length Ax. Ax is the measured test section length

plus a calculated flow developing length.

The wall friction factor f,, is defined as:

87,

fo=—7%. (4-11)
pi

Let

V

¢=—= (4-12)
U
14

=— 4-13

9= (4-13)

In Eq. (4-13), ¢ is the density of injection openings. An expression for the

apparent friction factor can then be found by substituting Eqs. (4-10) to (4-13) into Eq.

(4-9),
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f=1f +2d'[&,ﬁ_x—ﬁlj+ 2dqo-@-[ﬂ, + B, — 9B, ’{% (B, ﬁﬁz)-i—’i’—ﬂ (4-14)

Q Q
Let
o {ﬁ]+ﬁ2—¢ﬂp+[§-(ﬁ,~ﬁz)-%ﬂ (4-15)
Eq. (4-14) becomes:
fr=f +2d [ﬁ-gx—ﬁ% C, ngo-%" (4-16)

where C, must be determined from experiments. Each term at the right hand side of Eq.

(4-16) is discussed later.

Based on Buckingham  theorem, the apparent friction factor is a function of wall
friction factor, Reynolds number, the influx to main flow ratio, the axial component of
the influx velocity to average main flow velocity ratio, completion geometry, perforation
or slot size, density and phasing. (For detailed derivation, see Hong Yuan’s Ph.D.

dissertation Appendix A)

L=f 9o 44 (4-17)
f’[' f fW’NRe’—Q’(b’ A,w.a}

The first term on the right hand side of Eq. (4-16) is the wall friction factor. One
should realize that the wall friction factor definition is due to no momentum change in the

control volume. The wall shear stress term in Eq. (4-11), 7, can be quite different from
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that of regular pipe flow. Nevertheless, the same form of wall friction factor is adopted

du
here for simplicity. The wall shear stress in Eq. (4-11) is defined as T» =—ﬂ5 .
r=K

Therefore, £, reflects the velocity profile change in the radial direction near the pipe wall.
Fluid injection will influence velocity profiles directly; therefore, it will influence the
value of /.. At small injection rates, according to the literature, the boundary layer will be
lubricated and f,, will decrease to a value that is less than the friction factor for the no

fluid injection case.

The second term on the right hand side of Eq. (4-16), 2d - % is caused by a

change in the velocity profile in the axial direction. For small injection rates, this term is
negligible since the injected fluid will not affect the velocity field significantly, except in
the near wall region. If velocities at both cross sections are fully developed, the term is

negligible. If we use the Blasius formula to approximate the wall friction factor, then Eq.

(4-16) becomes,
fy =aNi +C, - 2dg- % (4-18)

where @, b, C, will be determined experimentally and expressed in terms of the

perforation density ¢ and the perforation phasing o

For small influx to main flow rate ratios, or no severe velocity profile changes,

C,=p+—¢B,. If the injected fluid enters the main flow with no momentum in the axial

direction, i. e. ¥,=0, then ¢f, in Eq. (4-16) is equal to zero, and C;=F+5. I we further
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assume that fi=f=1 C,=2. If the injected fluid is considered to have a velocity of
once it enters the main flow stream, i. e. ¥,= 1, then the ¢value in Eq. (4-16) becomes 1,

and therefore Co=1+ -5,
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5. RESULTS AND DISCUSSIONS

Ten test sections were used during the experiments and a large number of
experimental data were acquired. All the experimental data were given in Appendix. In
this chapter, the data analysis procedure and experimental data for each test section are
given. Also given are the parameters affecting apparent friction factor and comparisons

of the derived apparent friction factor correlation to other correlations in the literature.

5-1. Multiple Slot Cases

A total of 360 experimental tests are conducted for the four mulitiple slots test
sections as described in Chapter 3. Since we have already had very good qualitative
understanding of the wellbore hydraulics in completed horizontal wells from Yuan’s
study, no tests were conducted to acquire data for the no fluid injection case or no main
flow at the inlet of the test section case. Tests were conducted for the fluid injection case
with Reynolds numbers ranging approximately from 5,000 to 65,000 and influx to main
flow rate ratios varying from 1/50 to 1/1000 (For the second test section, a ratio of 1/800
was used instead of 1/1000). All the experiments were conducted in room temperature
(usually ranging from 75 °F to 85 °F). In this section, data analysis, experiment results

and discussions are presented.

5-1.1. Data Analysis Procedure

The parameters measured in this study are influx and main flow rates, influx and

main flow temperatures, and pressure variations along the test section and the pressure
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differences between the inner pipe and annulus. For multiple slot cases, it 1s convenient

to use average properties to analyze the data.

First we use the following equation to calculate the average Reynolds number:

Nee = — (5-1)

For fully developed flow, regular pipe friction factor correlations can be used to

calculate the friction factor. For the flow region affected by radial influx, the apparent

friction factor fr is calculated from the pressure drop, the distance, and the flow rate

defined below:

where

Ly

=

Qr’n

din

f = Ap/Ax
T puti2d

(5-2)
distance between one pipe diameter upstream of the

slotted section and L, downstream of the slot;

the flow developing length calculated using CFD
simulation resuits (see Eq. 5-3);

pressure drop over Ax;

flow velocity calculated by 37 = M;

nd’
total influx rate along the slotted section, Q;,=n ¢in;
influx rate from one slot;
water density and viscosity, changing with temperature;

pipe diameter.



The correlation to predict the flow developing length at various Reynolds
numbers and injection to main flow velocity ratios was developed by Yuan et al. based

on the their CFD simulation results:

L/id=ualog(Vin/Vi + b (5-3)
where a=3.790x10"*(N,, /1000)" +5.213x10*(N,, /1000)+0.753 (5-4)
b =8.173x107(Ng, /1000)* +2.593x107*(N,_/1000)+5.139 (5-5)

5-1.2. Experiments and Modeling

Figure 5-1 through 5-4 show the variations in apparent friction factor with influx
to main flow rate ratios and Reynolds numbers for the four test sections with multiple slot
completions. Each figure is plotted as apparent friction factor fr vs. Reynolds number
Ng.. and the different data series represent experimental results at different influx to main
flow rate ratios. As we can see from the figures, in most test sections the fr is greater
than the smooth pipe friction factor calculated from the Blasius formula for all influx to
main flow rate ratios. When the influx to main flow rate ratio approaches zero, the frvs.

Npg. curve will move closer to the curve predicted by the Blasius formula.

Lubrication effects were found for the first test section when the influx over main
rate ratio is 1/1000. In all the cases, the fr decreases considerably with the decreasing of
influx to main flow rate ratio at high flow rate ratio cases. However the decrease of the
friction factor is negligible at very low influx/main flow rate ratios. We can predict that
the friction factor will approach a constant at very small influx over main flow ratios. The

relationship of the friction factor and the Reynolds number of a completed horizontal
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Fig. 5-1: Experimentai Data for Test Section 1 (Slots, 4.5 slots/ft with 90° phasing)
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Fig. 5-2: Experimental Data for Test Section 2 (Slots, 3 slots/ft with 180° phasing)
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wellbore may have different characteristics other than those of regular horizontal pipes,
nevertheless in both cases the friction factors exhibit the same behaviors at high Reynolds
numbers. For a given flow rate ratio, fr decreases with the increasing of Reynolds
number. {f; always approaches a near constant once the Reynolds number exceeds

40,000.) For a given completion density, fris always the smallest when the phasing is

90°.

The experimental data were used to determine a, # and C, in the following

equation

fr =aNg +C, - 2dg- "g (5-6)

where a, b and C, are functions of momentum correction factors £, B and f,, influx to
main flow flow ratio, the completion phasing o and the completion density ¢ And
B Brand §, themselves are functions of all the above parameters. I'rom Yuan’s study,
it’s known that both the completion phasing & and the completion density @ have far
more impacts on g, b and C, than the influx to main flow rate ratio especially when the
influx over main flow rate ratio is quite small. Thus in the data analysis procedure,
regression analysis is applied first to each data set and get averaged a, b and C, for all the
different influx to main flow rate ratios. Then regression analysis is used again to express

a, b and C,; in terms of the remaining parameters arand ¢ .

Table 5-1 lists all the @, b and C,, in the first step of the data analysis procedure.
Applying regression analysis, the following expression have been obtained for ¢, » and

Ch-
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a: a is in the range of 0.17 to 1.14. The following correlation can be used to

estimate the a value:

84.2771

a=-0.611656+0.0651749¢ + (3-7)

b: b is in the range of -0.19 to -0.37. At medium completion density and high
phasing, b value is very close to —0.25 in the Blasius formula. Eq. (5-8) can be used to

estimate the value for b:

1.41439 _12.7926

b =-0.198817+ _
(p—4.5 +16.0191 o

+0.000133823¢ (5-8)

C,: In our study, the value of C, is in the range of 1.76 to 2.4. The following
equation can be used to get an estimated C,, when the completion density and phasing are

known:

12.9954
O

C,=225-0.0161188¢ + (5-9)

It should be pointed out that at higher Ny, (when Ng, is greater than 40,000}, the
first term on the left hand side of Eq. 6-3 for those cases with 360° phasing is very close
to the Blasius formula 0.3/ 6(NR3)'0'2 6 At same time, the second term on the left-hand side
of Eq. 5-6 usually is the dominant term at high Reynolds numbers. [t means that at those
situations the Blasius formula for regular pipes can be used directly to approximate the
wall friction factor f, without introducing too much error (the error due to this

approximation is usually 5-10% for the apparent friction factor).
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The above correlation results can be incorporated into horizontal well simulation
models in order to calculate the pressure drop through the whole production system. For
special cases when the perforation parameters are known and those parameters are closer
to those we have investigated in our experiments, «, b and C,, can be read directly from
the Table 5-1 which will give more accurate results than those obtained using the

correlations.

Table 5-1: a4, b and C), for the 7 Multiple Slots Cases

o @ (slots/ft) a b C
1 90 3 0.392936 | -0.266344 | 1.999548
2 180 3 0171137 | -0.18886 2.41148
3 90 4.5 0.130379 | -0.174987 1.78065
4 180 4.5 0.312526 | -0.258063 2
3 360 4.5 0.340384 | -0.256828 2.2
6 90 9 1.14138 -0.37462 2.3
7 180 9 0.172403 | -0.15582 1.76806

5-1.3 Discussions of Effects of the Slots Phasing and Density upon the Pressure Drop

Behavior

In this study, extensive experiments have been conducted to investigate the effects
of the completion phasing upon the liquid behavior in horizontal wells. As we can see
from Figure 5-5 and Figure 5-6, other parameters being equal, the decreasing of the

completion phasing from 360° to 180° and then to 90° decreases the total friction factor.
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The friction factor is smallest when the phasing is 90°. Since the interaction between the
influx and main flow is so complex and few 1if any analytical studies about it can be
found in the literature, the reasons why the completion phasing has such significant
effects upon flow behavior in horizontal wells are not clear. The possible reasons can be:
1). When the phasing is smaller, say 90", the influx can be considered entering from all
sides, thus there’s smaller twist (distortion) against the main stream velocity profile and
therefore there’s smaller pressure loss due to momentum change. 2). When the influx
enters the main flow from more than one direction, a larger area of the boundary layer is
lubricated than if the influx is entering from one direction (360°). The lubrication of the

influx can lessen the extent of surface roughness introduced due to completion.

It’s interesting to point out that when the phasing is small (90°), both the absolute
values of a and b are greater than those when the phasing is 180° or 360°. It means the
wall friction factor is larger for small phasing at lower Reynolds numbers while the
opposite is true at higher Reynolds numbers. Graphically it means the f,, vs. Ng. curve has
the steepest decline when the phasing is 90%(see Figure 5-7). From Figure 5-7 we can also
notice that for those cases when the completion phasing is 360° the wall friction factor is
almost the same as the value predicted by Blasius formula. It means if all the slot
openings are aligned on one side of the horizontal pipe, £, is little affected especially

when the Reynolds number is high.

The effect of slots density upon the pressure drop behavior in horizontal wells in
this study is quite straightforward: other completion parameters being equal, the apparent

friction factor in general increases with the completion density increases mainly due to the
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increased influx introduced by the extra openings (Figure 5-8). However this may not
necessarily be true when the influx over main flow rate ratio is very small, as we will

discuss in the multiple perforation section.

5-2. Multiple Perforation Cases

A total of 490 experimental tests are conducted for the six multiple perforation
test sections as described in Chapter 3. The tests are conducted with Reynolds numbers
ranging approximately from 5,000 to 65,000, influx to main flow rate ratios vary from
1/50 to 1/1000. All the experiments were conducted in room temperature (usually ranging
from 75 °F to 85 °F). In this section, experiment results for the multiple perforation cases

and discussions are presented.

5-2.1 Experiments and Modeling

Figures 5-9 through 5-14 show the variations in apparent friction factor with
influx to main flow rate ratios and Reynolds numbers for the six test sections with
multiple perforation completions. Each figure is plotted as apparent friction factor fr vs.
Reynolds number Ng,, and different data series represent experimental results at different
influx to main flow rate ratios. As we can see from the figures, in all the cases the fr 1s
greater than the smooth pipe friction factor and friction factor from Blasius formula for
all the influx to main flow rate ratios (no lubrication effects were observed). In all the
cases, the fr decreases considerably with the decreasing of influx to main flow rate ratio,
espectally at high flow rate ratio cases. However the decrease of the friction factor is

negligible at very low influx over main flow rate ratios.
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The data analysis procedure for perforated horizontal wells is the same as that in

the multiple slot cases.

The following table lists all the a, b and C, for all the 9 test sections with multiple
perforated openings including the three test sections investigated by Yuan. The data can
be directly read to calculate the total friction factor when the completion parameters are

the same as or close to those in this study.

Table 5-2: a, b and C, for the 9 Multiple Perforation Cases

4
( slots/fty o a b C,
1 5 %0 0.87288 | -0.340629 | 2.344056
2 5 180 0.621871 | -0.28696 | 2.02834
3 5 360 0.641 -0.312 2.16852
4 10 90 0.159944 | -0.155335 | 1.489782
5 10 180 0.28711 -0.24584 2.28063
6 10 360 0.755325 | -0.308274 | 3.900876
7 20 90 1.07608 | -0.34571 | 2.693373
8 20 180 453217 | -0.505271 | 2.332053
9 20 360 1.07802 | -0.345965 | 2.693826

As we can see from the Table 5-2, both a, b and C, are rougly in the same
numerical ranges as those of the multiple slots cases. For multiple perforation cases, a is

in the range of 0.2-3.6, b is in the range of -0.18 — -0.46 and C, is in the range of 1.4 —
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3.9. The following three equations are obtained through regression analysis to estimate a,

band C,:
,—+2.33
a=0.24163+0.00275189¢"” + 808,342 (5-10)
0
) 0.0513603¢™*
h=-0.25+0.0334316¢—000179399¢° — 0.447302¢"" + —36 (5-11)
Qo
0.556613- ¢0_235 . e%w,@nm
C, =1.24243+0.0046 73860 + — (5-12)
P
1]
—*—density=5 shots/ft, phasing=90
—&— density=5 shots/ft, phasing=180
0.09 —&— density=5 shots/ft, phasing=360
~—>— density=10 shots/ft, phasing=80
0.08 * - density=10 shots/ft, phasing=180
-—*—density=10 shots/ft, phasing=360
0.07 ——density=20 shots/ft, phasing=90 '
—®— density=20 shots/ft, phasing=180
—&—density=20 shots/ft, phasing=360

0.06 ! ™ T fwvs. Nre using Blasius Formula

Wall Friction Factor (fy)

5000 15000 25000 35000 45000 55000

Reynolds Number (Ng.)

Figure 3-15: 1., vs. Ny, for the Multiple Perforation Cases (Correlation Prediction)

It’s observed that at high Ng, and high influx over main flow rate ratios we can
approximate f, with 0.3/56Ng. " +0.003 (See Figure 5-15). Although this

approximation introduces up to 20% error in the calculation of f£,, the error in the



calculation of fr is insignificant since the £, contribution is much smaller than the influx

contribution under those condtions.

5-2.2. Dhascussions of Effects of Perforation Phasing and Density upon the Pressure Drop

Behavior

As mentioned early in the multiple slots section, the completion phasing has
significant effect upon the pressure drop behavior in horizontal wells completed with
multiple slotted liners. The apparent friction factor usually drops as the phasing decreases
when the other parameters being held equal. The same thing is true in multiple
perforation cases (See Figures 5-16 and 5-17). What should be pointed out here is the
etfect of phasing is insignificant once the completion density or the influx over main flow
rate ratio becomes too small. Under very small perforation density situations (the distance
between two neighboring openings is greater than & times of the pipe diameter), the
single perforation modeling from Yuan’s study should be used to analyze the flow

behavior in horizontal wells.

Experimental data are compared for the three perforation densities when the
influx to average main flow rate ratios equal to 1/50 and 1/1000 (Figure 5-18 and Figure
5-19). Figure 5-18 shows that for influx to main flow rate ratio equal to 1/50, f7 is higher
for the higher perforation density case. Figure 5-19 shows that for influx to main flow
rate ratio equal 1/1000, fr for the three perforation densities are almost the same at low
Reynolds number region while fris slightly smaller when the density is 20 shots/ft. As
discussed in Yuan’s study, at very small influx/main flow rate ratios, fr usually is lower

for high perforation density case. One probable reason for this is that the third term on the
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right hand side of Eq. (4-16) (influx contribution to total apparent friction factor) is the
dominant term at high influx to main flow rate ratios, while the first term(wall friction

factor) is the dominant term at low influx to main flow rate ratios.

5-3: Evaluation of the Correlations

The new apparent friction factor correlation for the multiple perforation cases was
first evaluated together with the Asheim ef al. model against the experimental data

obtained in this study.

Figures 5-20 and 5-21 give comparisons of total friction factor predictions for the
two correlations and the Blasius formula for smooth pipe. The experimental data from
test section 6 are also included with influx over main flow rate ratios of 1/50 and 1/1000.
From the comparisons, it is apparent that using different wellbore flow models results in
different apparent friction factor predictions at high influx over main flow rate ratios. At
low flow influx over main flow rate ratios, the different models yield close results. It
should be pointed out that no consideration was given to the perforation distribution in
the wellbore flow modeling of the Asheim et a/ model. The Asheim ef al. mode!
overpredicts when the influx to main flow rate ratio is high. This is consistent with
Yuan’s observations when the Asheim ef al. model was compared with the single

perforation correlation.

Next the model derived in this study is compared with Ouyang ef af. model.
Figures 5-22 and 5-23 show comparisons of the wall friction factor predictions for the

two models. The wall friction factor is plotted against the local Reynolds number (Ng,)
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and the wall Reynolds number (Ng.,). In Ouyang’s study, it was found that the friction
factor was dependent only on the wall Reynolds number and the local Reynolds number.
The following two observations were made in their study. First, the inflow from the
perforations reduces the wall friction for turbulent flow. Thus the wall friction factor with
influx is always smaller than no-influx wall friction factor. Secondly the wall friction
factor increases with the local Reynolds number provided that the wall Reynolds number
remains constant. Experimental data from this study suggest that the relationship between
the wall friction factor and the perforation parameters and flow conditions is more
complicated. From the two figures, it can be seen that the wall friction factor is affected
by the perforation density, perforation phasing and influx over main flow rate ratio. New
study needs to be done to thoroughly investigate the effects of completion geometries

upon the wall friction factor.

Figure 5-24 shows the performance of the model derived in this study against
large diameter pipe experimental data (Ouyang ef al. 1995). For simplicity purpose, we
used averaged fluid properties in the calculation of pressure drop. As it is evident from
the figure, even though the model is derived from experimental data using small diameter
pipes, the predictions are matching the experimental data quite well for larger diameter

honzontal wells.

The new correlations can be used with confidence for operating conditions
dynamically similar to those of the experiments done in this study. The performance of

the correlation needs to be tested against field data.
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Since the correlations obtained in this study are for multiple opening cases and the
completion density and phasing are carefully chosen to ensure that the main flow velocity
profile will not fully recover at the next adjacent opening, the correlations may not be
used when the completion density is very low. When the perforation density is very low,
that is, the distance between two adjacent openings is eight times greater than the pipe
diameter, the single injection point correlation proposed by Yuan can be used because the
flow will be fully developed before reaching the next injection point. This should be valid
except for extremely large influx to main flow rate ratios. Regular pipe friction factor

correlations can be used for the fully developed flow region.

When the perforation/slots density is higher, i.e., the distance between two

adjacent openings is less than eight pipe diameter, the main flow can not recover from
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previous influx disturbances and reach a fully developed flow before reaching the next
injection point. Then the correlations derived in this study can be used to estimate the

pressure drops.

5-4. Parameters Affecting Apparent Friction Factor

The apparent friction factor correlation was presented in terms of dimensionless

parameters, which are functions of some independent variables. Each is discussed below.

1. ¢,/Q, influx to main flow rate ratio. This dimensionless variable is composed of
two dimensionless variables, V;,/} and 4,/4. For the same ¢,/(, a decrease in V;,/V
indicates an increase in A4,/A. The influx to main flow rate ratio contributes
significantly to apparent friction factor. Each term in Eq. (4-14) is either explicitly
or implicitly a function of the influx to main flow rate ratio. For the no fluid
injection case, Eq. (4-14) has only two terms on the right hand side, which
represent the wall friction and the distortion of the velocity profile. If the flow is
fully developed, the velocity distortion term disappears, and the equation is
identical to the regular friction factor correlation. £, is a function of influx to main
flow rate ratio as well as Reynolds number, completion density, completion
phasing and pipe roughness for the case of fluid injection. Therefore, a regular
friction factor correlation cannot be used for the fluid injection case. For large
influx to main flow rate ratios, the last two terms in Eq. (4-14) become large mainly

due to changes in the velocity field.
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Vi/V, the ratio of the axial velocity component of the injected flow and the main
tflow velocity. This is an indication of the axial momentum carried to the main flow

by the injected fluid. This ratio will affect the C,, value in Eq. (4-16) directly.

Npg., the Reynolds number. This is the ratio of inertia forces to viscous forces. Nz,

will mainly affect the f, term in Eq. (4-16).

n, the number of injection openings. This will affect the last term in Eq. (4-16)
directly and will also effect the velocity profiles, that is the J value, therefore

affecting other terms in Eq. (4-16) indirectly.

¢, the phasing of the injection openings. This will influence the velocity

distribution, that is the £ value, and therefore the fr.
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6. CONCLUSIONS AND RECOMMENDATION

6-1. Conclusions

Based on the work presented in this thesis, the following conclusions have been

reached:

1. Ten new test sections were designed and constructed to enable data

acquisition at various conditions.

2. The flow behavior in horizontal wells for two completion geometries,
slotted pipe and perforated pipe, was investigated and for each completion
geometry, various perforation or slot densities and distribution patterns

were investigated.

3. A large amount of experimental data was acquired with fluid injection
case. The influx to main flow rate ratios investigated range from 1/50 to
1/1000. The Reynolds numbers range approximately from 5,000 to

65,000.

4. A general expression for apparent friction factor has been developed from
momentum equation and continuity equation considerations. New simple
correlations for apparent friction factor have been developed by applying

experimental data to the general expression for apparent friction factor.

57



In general fluid influx will increase the apparent friction factor along the
horizontal wellbore, but in some cases the influx will decrease the
apparent friction factor which means that the injected fluid has a
lubrication effect. Lubrication effect typically can only be found when the
completion density is not too high, the completion phasing is small and the

influx/main flow rate ratio is small.

For horizontal wells completed with slotted liners, for the same slot
number, the apparent friction factor is smaller when the slot phasing is
lower. For perforated horizontal wells the same observation holds for large
perforation density. At small perforation densities, for the same
perforation number, we found the apparent friction factor is higher for

higher phasing.

Other parameters being equal, apparent friction factor usually increases
with the increase of completion density at high injection rate. At low
injection rate, for the perforation case, the apparent friction factor is

slightly larger for smaller perforation density.

6-2. Recommendations

The following are recommended for future studies:

Conduct experiments for muitiple injection points at completion densities
and completion patterns other than those discussed in this study.
Additional data will improve the accuracy of friction factor correlation

prediction.
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Measure the velocity profile along the flow-developing region to obtain
insight into the interaction between influx and main flow and between

influxes.

Test the model against field data that will involve much larger Reynolds
numbers than those included in laboratory studies once those data become

available.

More robust computer programs are needed in the data analysis procedure.
Typical curve fitting software packages usually give large errors in

multiple-variable regression analysis.

Conduct experiments for single-phase flow of gases.

Build a large-scale test facility and conduct experiments for larger

Reynolds numbers and for multiphase flow conditions.
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7. NOMENCLATURE

Symbol Description

A pipe cross sectional area (m®)

Ch coefficient as defined by Eq. (4-15) (-)
d pipe diameter (m)

r regular pipe friction factor (Moody) (-)
fr apparent friction factor (Moody) (-)

£ wall friction factor (Moody) (-)

J specific productivity index (m*/pa.s)

L pipe length (m)

L flow developing length (m)

Nre Reynolds number (-)

p pressure(pa)

Dy well pressure (pa)

o main flow rate (mzls)

§in volumetric influx flow rate from each injection opening (m*/s)
qr specific inflow into the well (m?%/s)

G cumulative flow rate (m’/s)

R pipe radius (m)

T temperature (°C)
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61
average main flow velocity (m/s)
average influx velocity from each injection opening (m/s)
velocity component as shown in Fig. 4-1 (m/s)
distance between two adjacent perforations/slots (m)
a distance as shown in Fig. 4-1 (m)

distance along a horizontal well (m)

Symbol (Greeks) Description

Subscript

completion phasing (-)

momentum correction factor (-)

absolute pipe roughness (m)

defined by Eq. (4-12)

the density of imjection openings defined by Eq. (4-13) (1/m)
dynamic viscosity (Ns/m?)

kinematic viscosity (m%/s)

density (kg/m’)

wall shear stress (N/m?)

Description

in

variables pertinent to cross section 1-1
variables pertinent to cross section 2-2
variables pertinent to initial value
variables pertinent to influx stream

variables pertinent to perforation



variables pertinent to radial direction
variables pertinent to wall or well
variables pertinent to axial direction

variables pertinent to turbulent
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